Lignocellulosics, i.e., cellulose, lignin and hemicelluloses, are natural renewable polymers of high technological interest. The properties of products based on these polymers are largely determined by the forces at their interfaces. This review summarizes the main findings related to surface interactions relevant for papermaking and describes how the interest in novel, high performance renewable materials has changed the focus of the research to nanocellulosic materials. Areas of interest that need further work are also outlined.
Introduction
Lignocellulosics is a term that generally describes the main components of most plants, i.e. cellulose, hemicelluloses and lignin. Cellulose is the most abundant of these polymers. Cellulose fibres are widely used for the fabrication of paper, paper board, textiles, and composites.
Hemicelluloses are important due to their role in the cell wall and the fact that they are not completely removed from the pulp fibres before their use. Hemicelluloses have also been investigated for the production of renewable composites. Lignin has traditionally been burned for energy, but there is a growing interest to find new applications for this abundant aromatic polymer.
With the need to decrease our use of fossil resources, lignocellulosics are gaining a renewed interest and the research focus is shifting from traditional papermaking to e.g. development of renewable packaging materials, light weight strong composites, and materials for biomedical applications [1] [2] [3] . The properties of those materials are governed by the surface forces between their components.
Understanding the forces in more detail is essential not only for a proper characterization of the materials, but also for the design of new functional materials and for the optimization of technological processes.
Some of the first direct surface force measurements between cellulose surfaces were performed using the interferometric surface force apparatus (SFA) developed by Israelachvili and coworkers [4, 5] . The SFA allows the measurement of forces between surfaces mounted in crossed-cylinder geometry as a function of their separation. The absolute value of separation is precisely determined, but transparent and smooth surfaces are required, which in practice limits the experiments to mica or modified mica substrates. The atomic force microscope (AFM) has also been extensively used to study surface forces in lignocellulosic systems. Initially developed to obtain high resolution images of substrates [6] , soon the potential of the AFM for force measurements was recognized and exploited, especially after the introduction of the colloidal probe technique [7] . Typically, the interaction forces between a spherical microparticle and a flat substrate or between two spherical microparticles are measured in AFM force experiments.
In this review we summarize the main findings obtained from direct surface force measurements of lignocellulosics and describe how the research field has changed focus from papermaking to composites, biomedicals and new materials. We also give an outlook into what we envision will be future interests.
Direct measurement of surface forces relevant for paper technology

Forces between model cellulose surfaces: effect of pH, ionic strength, surface charge and cellulose crystallinity
The interest in fundamental understanding of the phenomena taking place in paper technology (papermaking, paper coating, paper recycling) has fostered many studies of surface forces in lignocellulosic systems. The first attempt to measure the interaction forces between cellulose surfaces was made by Neuman et al. in 1993 using the SFA [8•]. This was a pioneering work that included an impressive amount of systems relevant for papermaking, like cellulose in air and water, xylan in aqueous media, and sodium polyacrylate in the presence of Ca 2+ ions, and was a great inspiration for future research. In their experiments, Neuman et al. used cellulose films prepared by spin-coating cellulose dissolved in trifluoroacetic acid onto mica substrates. Those films were, however, rather rough and unstable, and that affected some of their conclusions. Neuman et al.
observed a very long-ranged repulsion, typical for polyelectrolyte brushes, between the cellulose surfaces in water, and they proposed a model for the cellulose surface as consisting of "molecular fibrils", or dangling tails, protruding into the solution. This model was not fully supported by later research using more stable and well defined cellulose substrates.
Due to the drawbacks of the cellulose substrates used by Neuman et shorter than expected for electrostatic double layer forces at the electrolyte concentration used, they concluded that the cellulose was uncharged at the conditions of the experiments (pH about 6).
Simultaneously, Rutland et al. measured the surface forces between two cellulose spheres, applying for the first time the AFM colloidal probe technique to study the interaction between cellulose surfaces [11•]. They found that the forces were well described by the Derjaguin-Landau-VerweyOverbeek (DLVO) theory [12, 13] , with some additional steric repulsion observed at short separations, and they concluded that the cellulose surfaces were weakly charged.
The effect of the pH and the ionic strength on the surface forces between cellulose substrates was also studied using both SFA and AFM [14, 15••] . The larger number of surface charged groups (deprotonated carboxyl groups) upon an increase in pH provoked a stronger and longer range repulsion between the surfaces. An increase in ionic strength, in contrast, reduced the double layer repulsion, in agreement with DLVO theory, and screened the electrostatic interaction between the outermost cellulose chains, causing the collapse of the external dangling tails and, consequently, a reduction in the electrosteric repulsion -note that the term "electrosteric" indicates a combination of steric and double layer repulsions when charged chains from the surfaces come into contact-( Figure 1 ) [15••] . Similar trends were observed with cellulose LB films using SFA, but steric forces dominated the interaction in that case [14] . Zauscher and Klingenberg studied the surface forces between regenerated cellulose surfaces using the colloidal probe technique and observed a similar effect of the ionic strength [16] . However, no evidence of cellulose dangling tails was observed in their experiments. On the other hand, Notley et al. were able to detect for the first time van der Waals attraction between cellulose surfaces at pH 3.5, when the protonation of the carboxyl groups prevented double layer repulsion and probably decreased the swelling of the cellulose surfaces
The cellulose samples used in those early experiments were weakly anionic and mainly amorphous, with the exception of LB cellulose layers and cellulose films spin-coated from Nmethylmorpholine oxide (NMMO) solution, which had a degree of crystallinity (cellulose II) around 60% [18] . The charge was due to deprotonation of carboxylic acid groups and thus pH dependent. Qualitatively, similar forces were observed. The smaller contact area provides better detection of weak double layer forces in AFM experiments, while steric forces seem to dominate the SFA measurements.
The force measurements set strict requirements on the cellulose substrates that can be used, while real pulp fibres have a very complex surface chemistry and morphology. Thus, much attention has been centred on developing more relevant cellulose model films as described in previous reviews [19, 20] . The charge of pulp fibres is known to have a significant effect on dewatering and interactions with additives during papermaking. Using the AFM colloidal probe technique, Notley addressed the effect of the surface charge on the interaction between an amorphous cellulose microsphere and carboxymethylated cellulose films with different degrees of substitution of carboxyl groups on the cellulose fibres [21•]. Electrical double layer forces arose at pH 8.5 which were higher in magnitude and longer in range as the surface charge of the cellulose films increased and the ionic strength of the solution decreased, as expected from DLVO theory.
Van der Waals attraction was observed when the carboxyl groups were protonated at pH 3.5. Using the same technique, Ahola et al. measured the surface forces between cellulose microspheres and films of cellulose nanofibrils (CNF) with low and high surface charge [22••] . The CNF films were prepared by spin-coating aqueous CNF dispersions on silica substrates using a cationic polyelectrolyte as an anchoring layer. Both steric and electrical double layer forces were observed in the interaction force curves, which were affected by the pH, the ionic strength and the surface charge of CNF. The double layer repulsion was stronger for highly charged CNF at high pH and low salt concentration, in agreement with DLVO predictions. Changes in pH and salt concentration induced changes in the swelling of the film and, consequently, in steric repulsion. These were the first force measurements using CNF films.
It is well known that crystalline and amorphous cellulose behave very differently in nature. For example, amorphous cellulose swells considerably in water, but water cannot penetrate into crystalline regions [23] . Furthermore, dissolution and regeneration of cellulose changes the crystal form from native cellulose I to the thermodynamically more stable cellulose II. Thus the scientific community has been interested in probing the effect of crystallinity on the direct forces in cellulosic systems. However, to date changes in crystallinity have been coupled with differences in charge or roughness, which has prevented drawing unambiguous conclusions about the effect of crystallinity. 
Effects of cationic polyelectrolytes on the forces between cellulose surfaces
Cationic polyelectrolytes are used in the papermaking process to increase wet and dry strength as well as to retain fines and mineral filler particles on the cellulose fibres of the paper web. The interactions between anionic (fibres, fines, minerals and dissolved colloidal substances) and cationic additives during paper formation is quite complex and very much dependent on polymer type, concentration and adsorption time [26] . Usually it is challenging to achieve good strength, formation and retention simultaneously. repulsive interaction was observed between silica and cellulose surfaces before the addition of PCMA, a repulsion that could be well described by double layer forces as proved in a later work by
Radtchenko et al. [29] Bridging attraction appeared when approaching cellulose and silica surfaces after the adsorption of PCMA, but PCMA also decreased the cellulose-silica adhesion upon separation [28] . On the other hand, long time PCMA adsorption overcompensated the surface charge of cellulose and mica surfaces, giving rise to repulsive interactions between the surfaces on approach and almost no adhesion on separation [27•].
In parallel experiments, Poptoshev et al. studied the effect of another cationic polyelectrolyte, polyvinylamine (PVAm), on the interaction between glass and LB cellulose surfaces using a noninterferometric surface force apparatus (MASIF) [30] , observing similar overcompensation of surface charge upon polyelectrolyte adsorption [31] . In general, the surface force measurements described above correlates well with the understanding of interactions between cellulose fibres and polyelectrolytes obtained from practical experience and macroscopic systems. The timescales and hydrodynamics of real papermaking cannot be mimicked in force experiments but, nevertheless, the force measurements confirm that low surface coverage and extended conformation of polyelectrolytes are important for efficient retention of fines and filler. In papermaking, three flocculation mechanisms are suggested: patch flocculation between polymer covered and uncovered patches, charge neutralisation, and polymer bridging. Force measurement results from several reports indicated that polymer-mediated binding is an important flocculation mechanism, probably more important than charge neutralization, but it is not straightforward to distinguish between polymer bridging and patch flocculation.
The research on surface forces between cellulose surfaces with or without polymers in aqueous media described here has enhanced our understanding of forces present during the formation of the paper sheet. However, it must be noted that the force experiments in aqueous solutions do not provide relevant information about paper strength, because that strength involves other mechanisms taking place during the drying of the paper. Strong adhesion between cellulose surfaces in aqueous media does not necessarily correlate with stronger paper; instead, it could lead to fibre flocculation and improper formation of paper. Force experiments during the drying of the cellulose system would be needed to characterize the mechanisms responsible for paper strength, but to carry out such experiments is very challenging.
Friction forces between cellulose surfaces
Together with normal surface forces, lateral (friction) forces between cellulose fibres play a key role in papermaking because they affect the rheological characteristics of the pulp suspension, the homogenization and casting of the pulp during the paper formation, and the mechanical properties of the final paper. Therefore, it is not surprising that special attention has been paid to the study of the friction forces between cellulose surfaces. Amelina et al. analysed the friction forces between crossed individual cellulose fibres in air, in water, and in aqueous solutions of a cationic polyelectrolyte (polyethyleneimine, PEI) and cationic surfactants (tetrabuthylammonium iodide, TBAI, and cetyltrimethylammonium bromide, CTAB) using a home-made apparatus [36] [37] [38] .
Cellulose fibres from different origin and subjected to different treatments, with diameters in the [50] . They studied the friction between a cellulose microsphere and a thiolated xyloglucan layer grafted to a gold substrate. The exposure of the xyloglucan layer to enzymatic digestion by the endo-xyloglucanase TmNXG1 increased both the surface roughness of the layer and, consequently, the friction forces and friction coefficients. A considerable adhesion between cellulose and the grafted xyloglucan layer was also observed in normal force curves.
The interaction between cellulose and chitosan, a natural cationic polymer, has also been investigated. Holmberg et al. measured the surface forces between a LB cellulose film and a chitosan layer adsorbed on mica, observing a long range attraction probably due to bridging when the surfaces approached each other in 0.1 mM KBr solution at pH about 6 [9••] . A more exhaustive study of the surface and friction forces between chitosan-coated cellulose surfaces in aqueous solutions at different pH was carried out by Nordgren et al. [51] . In agreement with previous investigations, the interaction between two neat cellulose microspheres showed a combination of double layer and steric repulsions at high pH, but only steric repulsion was observed at low pH due to the protonation of the surface carboxyl groups. The adsorption of chitosan on the cellulose microspheres completely changed the pH-dependence of the interactions on approach: a long range electrosteric repulsion appeared at low pH due to the extension of the charged chains of chitosan, whereas at high pH, when the uncharged chains of chitosan collapsed, a shorter range steric repulsion was observed. The adsorption of chitosan also increased the adhesion between the cellulose microspheres on separation. Furthermore, a reduction in friction between the cellulose surfaces was observed upon chitosan adsorption, especially evident at low pH. 
Surface forces in cellulose-based multilayer materials
The formation of multilayers by the sequential adsorption of polyelectrolytes of opposite charge (layer-by-layer deposition) is an interesting technique to develop materials with tailored properties. In general, the interaction was dominated by double layer forces, repulsive between charged surfaces of the same sign and attractive between oppositely charged surfaces. As predicted by DLVO theory, the double layer forces were screened at high ionic strength. However, a non-DLVO attraction between the surfaces was observed at low pH, which became stronger as the ionic strength increased ( Figure 5 ). The authors considered that the swelling of the PAH/CNC film at low pH allowed highly charged PAH chains to extend into solution despite the uppermost layer being CNC. Therefore, the attraction observed at low pH was attributed to polymer bridging enhanced by double layer attraction between the oppositely charged PAH chains and the bare or COOHfunctionalized silica probes.
The formation of all-cellulose multilayers via layer-by-layer deposition of CNC and cationic CNF was characterized by Olszewska et al. [59] . Force experiments between the multilayers and cellulose microspheres were conducted in aqueous solutions. The build-up of the multilayers and the surface forces were affected by the pH, as expected from the pH dependence of the protonation state of surface carboxyl and amine groups. The interaction between multilayers and cellulose probes was attractive at pH 4.5 (stronger attraction when the cationic CNF was the capping layer) and repulsive at pH 8. 
Surface forces in cellulose-based composite materials
Currently there is a great interest in developing strong, stiff, tough and lightweight composite materials from CNF [3, 61] . The research is inspired by the extraordinary strength and toughness of natural materials like spider silk and nacre. In these natural materials the main component is the loadbearing hard material that is "glued" together by thin layers of soft polymers in highly ordered structures. The soft layer acts as an energy-dissipating material, hindering crack propagation. The toughening mechanisms of the soft polymer are complex and may include lubrication, weak links, sacrificial bonds, partial pull-out of reinforcing components and conformational changes [62] [63] [64] [65] . In spite of the interest in characterizing and mimicking these materials, very few attempts to apply direct surface force measurements to probe the interactions within biomimetic composites have The lubrication both in air and in aqueous media is important in biomimetic composites. As an example, it has been shown -without explicit force measurements-that a lubricating PEG layer facilitates the orientation of fibrils during stretching, thus increasing the strength of composites [68] . More research on the direct measurement of surface forces is needed to completely characterize the interactions in biomimetic composites.
Cellulose fibers and fibrils are also used to reinforce hydrophobic polymer matrixes. In these applications one of the main limiting factors hampering the performance of the materials is the compatibility with the surrounding polymer matrix. Acknowledging the importance of adhesion for the final properties of (nano)composites, Lahiji et al. carried out a basic study on the effect of CNC nature on the adhesion to a silicon tip of an AFM cantilever [69] . The experimental data, obtained under ambient conditions at 20% relative humidity, revealed differences in adhesion properties that were ascribed to differences in surface composition due to the cellulose source, or alternatively, variation in the contact area due to differences in the diameter of the crystals.
Grafting polymer chains to cellulose may be an efficient method to enhance compatibility as shown by Nordgren et al. [70] . They characterized the compatibility of cellulose with poly[ε-caprolactone] (PCL), a promising polymer for biocomposite applications, using the colloidal probe technique. The adhesion between two cellulose microspheres, with and without PCL grafted on the surface, was measured in air at 20 °C and 60 °C. A conventional dispersion adhesion was observed between a neat cellulose sphere and a PCL-grafted cellulose sphere, suggesting no intrinsic affinity of PCL for cellulose. However, two PCL-grafted cellulose spheres showed strong adhesion with a gradual detachment over a long separation range, a phenomenon that was more prominent at high temperature and at longer contact times between the surfaces. The authors ascribed that adhesion to a diffusion-based interpenetration of the PCL layers during contact, and pointed out that nanocomposites based on PCL-grafted cellulose particles will be stronger and able to resist local detachment of the matrix during flexing, creep or shocking. Similarly, Guan et al. grafted guanidine polymer -a polymer with antimicrobial properties-on cellulose fibres [71] . The attraction and the adhesion between a spherical borosilicate particle and cellulose fibres with and without grafted guanidine polymer were studied in air. CNC grafted with a thermoresponsive polymer, poly[Nisopropylacrylamide] (poly(NiPAAm)), were prepared and characterized by Zoppe et al [72] . Force measurements between thin films of CNC and colloidal silica probes were conducted in NaCl solutions. While a double layer repulsion was observed in the force curves with unmodified CNC, steric forces dominated the interaction of poly(NiPAAm)-grafted CNC. An increase in NaCl concentration caused a collapse of the grafted polymer brushes and reduced the steric repulsion.
The adhesion between silica and poly(NiPAAm)-grafted CNC also decreased upon increasing the ionic strength.
Surface forces in cellulosic materials for biomedical applications
In addition to renewable composites, today there is also a special interest in biomedical applications of lignocellulosics [2] . Greene et al. developed a cartilage-inspired lubrication system based on a reconstituted cellulose fiber network with adsorbed CMC and CMC-g-PEG [73] .
Friction experiments of their system against stainless steel surfaces were accomplished in phosphate buffered saline (PBS) with a pin-on-disk tribometer. Lower friction coefficients were obtained as the amount of CMC in the material increased and when CMC-g-PEG was present in the PBS solution. A friction coefficient close to the one measured for a cartilage tissue was obtained at 2.5%
wt CMC, in PBS with 1% wt CMC-g-PEG. The friction coefficient was also observed to decrease as the shear velocity of the experiments increased. 
Conclusions
The SFA and the AFM colloidal probe techniques have proved to be very useful for the direct measurement of surface forces in lignocellulosic systems, providing essential information on interactions at micro and nanoscale that is crucial for a proper understanding of macroscopic material properties. The surface and friction forces between different cellulose surfaces have been extensively probed in different conditions. In general, the interaction in aqueous media between two cellulose surfaces is dominated by repulsive double-layer and steric forces, whose magnitude and range depends on the roughness and surface charge of the cellulose substrates, and on the pH and the ionic strength of the media. Van der Waals forces were observed when those repulsive forces were successfully screened at low pH. The effect of cellulose crystallinity, however, is still unclear.
The measurement of surface and friction forces in cellulose systems with the AFM colloidal probe technique has allowed the fundamental characterization of different phenomena in papermaking, like the interaction between cellulose surfaces and cationic polyelectrolytes (including polyelectrolyte complexes or multilayers), the deinking process, the lubrication induced by polyelectrolytes, the effect of hydrophobic coatings, and the influence of the relative humidity on the formation of water capillary condensates. Hemicellulose-coated surfaces have also been studied to some extent, but not much attention has been paid to lignin substrates. Currently, there is a renewed interest in finding novel applications for lignin, a major side stream of modern biorefineries. Thus, the study of surface forces in lignin systems may arise in the future.
The 
